Objectives-To evaluate the effect of maternal administration of antenatal steroids (ANS) on cord blood cytokine levels at birth in preterm infants.
Introduction
Maternal administration of antenatal steroids (ANS) has been shown to significantly reduce the morbidity and mortality in preterm infants born between 24 and 34 weeks gestation. (1, 2) The long-term follow up studies of infants have shown a lower incidence of cerebral palsy and overall improved outcomes in infants in the ANS treated group. (3, 4) Though the pulmonary benefits of ANS treatment are known to be secondary to its effect on lung maturation and increased production of surfactant by type II pneumocytes, the underlying mechanisms for other beneficial effects of ANS are not as well understood. (2) In-vivo animal studies and in-vitro studies suggest that some of the beneficial effects of ANS may be mediated by modulation of cytokine levels in the fetus. (5) (6) (7) A growing body of literature suggests an association between cytokine levels in the perinatal period and neonatal outcomes. (8) (9) (10) (11) (12) (13) Elevated cord blood IL-6 levels have been associated with an increased risk for periventricular leukomalacia, intraventricular hemorrhage, and necrotizing enterocolitis in infants born at less than 32 weeks gestation. (8) (9) (10) 13 ) Prenatal exposure to maternal infection has been shown to affect the levels of pro-inflammatory and neurotrophic cytokines in the fetus. (14, 15) Other factors such as gestational age, perinatal asphyxia, and IUGR have also been reported to affect fetal cytokine levels. (16) (17) (18) (19) (20) However, the effects of maternal administration of ANS on fetal cytokine levels have not been well studied. We hypothesized that some of the beneficial effects of ANS may be mediated by the effects of ANS on cytokine levels in the fetus; and ANS modulates infection/inflammation mediated changes in fetal cytokine concentrations. Thus the primary objective of this study was to evaluate the effect of maternal administration of ANS on fetal cytokine levels measured in cord blood at birth. A secondary objective was to evaluate whether maternal administration of ANS modulates cord blood cytokine levels in the presence of placental inflammation.
Methods

Study population
The population for this analysis was drawn from a larger case-control study evaluating environmental and genetic determinants of preterm delivery and low birth weight. (21) Eligible cases were live singleton preterm infants born between 24 and 34 weeks gestation. Multiple pregnancies, births that resulted from maternal trauma and newborns with major birth defects were excluded. Cord blood was collected from all births and placentas were sent for pathology. The study was approved by the Institutional Review Boards at Boston University Medical Center, Children's Hospital Boston, Beth Israel Deaconess Medical Center at Boston, and Children's Memorial Hospital Chicago. An informed consent was obtained from all study participants.
Clinical and demographic information
Maternal interviews were conducted using a structured questionnaire that included demographic characteristics as well as medical and reproductive histories. In addition, medical record reviews were conducted using a standardized abstraction form that included data on prenatal care, clinical presentation, intrapartum management, pregnancy complications, and birth outcomes. The clinical protocol during the study period was to give two 12 mg doses of betamethasone 24 hours apart to all mothers in preterm labor before 34 weeks of gestational age. Gestational age was assessed with an algorithm based upon last menstrual period and early ultrasound before 20 weeks gestation. (21)
Cord blood cytokine assays
Cord blood was obtained by trained nursing staff. Samples were kept on ice and subsequently centrifuged for 10 minutes in a tabletop refrigerated centrifuge at 2500 rpm. Plasma was removed from the cell pellet by pipette. Each subject's plasma sample was then split into 3 aliquots and stored in a -80°C freezer. Simultaneous measurement of the cytokines in cord blood plasma was performed by immunoassay using flowmetric Luminex xMAP technology (Luminex Corp, Austin, TX). Antibodies specific for cytokines, chemokines, and neurotrophins (R&D Systems, Minneapolis, MN; BD Biosciences Pharmingen, San Diego, CA; MBL [Medical Biological Laboratories], Woburn, MA; BioSource, Nivelles, Belgium) were coupled to carboxylated beads (Luminex Corp). Biomarkers were quantified by sandwich immunoassays using bead-coupled capture antibodies, biotinylated detection antibodies, and phycoerythrin-labeled streptavidin according to the techniques described by Skogstrand, et al. (22) Measurements were performed on a pool of human serum, and both intra-and interassay coefficients of variance were determined. Working range was defined as the range of concentrations for which the coefficients of variance (standard deviation/mean ×100) was <20%. Cytokine values were measured for: a) Pro-inflammatory cytokines -IL-1β, IL-6, IL-8; b) Anti-inflammatory cytokines -IL-4, IL-10 and TGF-β; and c) Neurotrophic cytokines -BDNF, NT-3, and NT-4.
Placental histopathology
All placentas were reviewed by a designated perinatal pathologist, and a subset was independently reviewed by a second pathologist to confirm reliability. According to our previously published protocol the presence and location of inflammation was reported using well-established algorithms. (23) Using a standardized abstraction form, the histologic examination status was classified as placental inflammation if either the maternal or fetal compartment had signs of inflammation consistent with infection. (23)
Statistical methods
We compared demographic and clinical characteristics of mother-infant pairs with and without antenatal steroid treatment as well as those with and without placental inflammation using t-tests (for continuous measures), Wilcoxin-Mann-Whitney test for medians (for Apgar score) and chi-square tests (for categorical variables). We used a square root transformation of gestational age to normalize it prior to conducting the t-tests. We next used multivariable linear regression to model the mean cord blood concentration of each cytokine by steroid exposure with and without adjustment for one minute Apgar score ≤3, gestational age, and placental inflammation. We used the logarithmic transform of each cytokine in order to meet modeling assumption of normally distributed residuals. We ensured that the residuals of each model were homoskedastic by visually inspecting plots of residuals by predicted values. Using the same methods, we modeled the mean log cord concentration of each cytokine by placental inflammation with and without adjustment for one minute Apgar score ≤3, gestational age, and steroid exposure. We presented figures for mean values of cytokines within the four groups defined by ANS (yes/no) and placental inflammation (yes/no) normalized for one minute Apgar score ≤3 and gestational age using least squares means in a general linear model using SAS procedure GENMOD.
Results
200 preterm infants (100 with exposure to ANS and 100 controls) born between 24 and 34 completed weeks gestation were included in this study. Table 1 summarizes the important demographic characteristics of the infants. The mean gestational age and birth weight were lower but the incidence of PPROM and intrauterine infection were higher among infants born after exposure to antenatal steroids (Table 1) . Sixty seven (33%) infants had histological evidence of placental inflammation; these infants had lower mean gestational age and birth weight as compared to infants with no histological evidence of placental inflammation ( Table 2 ). The following results are presented using the cytokine concentrations after adjusting for gestational age and one minute Apgar scores.
Pro-inflammatory cytokines
Exposure to ANS had no significant effect on the cord blood concentrations of proinflammatory cytokines (Table 3) . The concentrations of all three pro-inflammatory cytokines were significantly increased in infants with placental inflammation (Table 4) . The cord blood concentrations of all pro-inflammatory cytokines were lower in infants with placental inflammation and ANS exposure compared to the infants with placental inflammation and no ANS, but these differences were not statistically significant (Figure 1 ).
Anti-inflammatory cytokines
Exposure to ANS had no significant effect on the cord blood concentrations of antiinflammatory cytokines (Table 3 ). There was a modest increase in the cord blood level of IL-10, no significant change in level of IL-4, and a decrease in level of TGF-β in presence of placental inflammation (Table 4 ). In the absence of antenatal steroid exposure, presence of placental inflammation was associated with a significant decrease in TGF-β level compared to TGF-β level in infants with no placental inflammation (p value = 0.003), (Figure 1) . TGF-β level in infants with placental inflammation and exposure to ANS was similar to the level observed in infants without any placental inflammation (Figure 1 ). Similar but not statistically significant change was observed for IL-4 ( Figure 1 ).
Neurotrophic cytokines
The cord blood concentrations of neurotrophic cytokines were also not affected by exposure to ANS (Table 3 ). The level of NT-3 was significantly decreased in infants with placental inflammation but cord blood levels of other two neurotrophic cytokines, BDNF and NT-4, remained unchanged irrespective of the placental inflammation (Table 4) . Infants born to mothers with placental inflammation and exposure to ANS had a trend toward higher cord blood concentrations of all three neurotrophic factors compared to infants with placental inflammation and no ANS, but these differences were not statistically significant (Figure 1 ).
Discussion
The exposure to ANS did not have a significant effect on cord blood levels of cytokines measured in this study but the results of this study do confirm previous observations that cord blood levels of pro-inflammatory cytokines such as IL-6, IL-8 and IL-1β significantly increase in response to intrauterine infection/inflammation in human fetus. There was a trend toward the attenuation of inflammatory response and higher levels of neurotrophic cytokines in infants born to mothers with placental inflammation and exposure to ANS compared to infants born to mothers with placental inflammation and no ANS but these differences were not statistically significant.
ANS and inflammatory cytokines
Several investigators have demonstrated that intrauterine infection in the preterm human fetus leads to increased levels of pro-inflammatory cytokines. (8, 10, 11 ) However, the effect of intrauterine infection/inflammation on levels of anti-inflammatory cytokines has not been studied so far. Similar to the previous reports, we observed an increase in cord blood levels of all pro-inflammatory cytokines in pregnancies with placental inflammation but the changes in the levels of anti-inflammatory cytokines were variable. We observed an increase in IL-10 levels and a decrease in TGF-β levels in the presence of placental inflammation but levels of IL-4 were unchanged. The modulatory effect of ANS on fetal pro-and anti-inflammatory cytokines production has been contradictory. Some animal invivo and in-vitro studies suggest that ANS treatment temporarily suppresses fetal pulmonary inflammation. (5, 6) However, a study on the kinetics of pro-and anti-inflammatory cytokines in an ex vivo cord blood culture has shown that ANS exposure had no significant effects on pro-inflammatory cytokine levels. (17) Another study reported similar lack of effect of antenatal glucocorticoid treatment on fetal monocytes' capacity to produce IL-6 after ex vivo stimulation with LPS. (24) The effect of ANS treatment on pro-inflammatory cytokine levels in human fetus is even less clear. Goepfert et al measured IL-6 levels in 309 preterm infants and reported that the median cord IL-6 levels were higher among women who did not receive steroids before delivery compared with those receiving at least 1 dose. (8) However, the difference was not statistically significant (P value 0.048). (8) In our cohort of 200 preterm infants, the cord blood concentrations of all pro-inflammatory cytokines were lower in infants with placental inflammation and ANS exposure compared to the infants with placental inflammation and no ANS. Although, these differences did not achieve a statistical significance, this would suggest that exposure to ANS may attenuate fetal response to placental inflammation. The use of ANS had no significant effect on the levels of two of the three anti-inflammatory cytokines, IL-4 and IL-10, but placental inflammation associated decrease in TGF-β level was attenuated by exposure to ANS.
ANS and neurotrophic cytokines
Neurotrophins (NTs) play an important role in the growth and development of nervous system and also provide neuroprotection by reducing apoptosis and promoting survival and maintenance of neurons in the peripheral and central nervous system. (25-27) Elevated plasma levels of NTs have been reported in inflammatory, autoimmune, and allergic diseases. (28) It has been suggested that the beneficial effects of ANS and the adverse effects of infection on the neurological outcome of preterm infants are in part mediated by the effect of ANS and infections on the levels of NTs. (16, 28, 29) The effects of antenatal steroids on neurotrophic factor levels in animals have been contradictory. Bruschettini et al reported that a clinically equivalent dose of ANS decreased neurotrophic factor concentrations in serum and hippocampus in rats while half of this dose reduced serum concentrations but did not affect neurotrophin concentrations in hippocampus. (30) In contrast, Roskoden et al observed an increase in mRNA expression of both neurotrophins and their receptors with early postnatal corticosteroid treatment in rats. (31) Two human studies have reported higher cord blood levels of BDNF after a course of ANS and the authors speculated that the improved neurodevelopmental outcome in infants exposed to ANS is probably mediated by the effect of ANS on BDNF levels. (16, 29) However, both these studies have small total sample sizes of 60 and 33 patients respectively, and the number of mothers who received a course of ANS was only 16 and 18 respectively in these studies. It is also unclear if these differences were adjusted for variables with potential to affect the levels of BDNF such as gestational age, asphyxia and infection. (32) (33) (34) After adjusting for these potentially confounding variables, we did not observe any effect of ANS on cord blood levels of neurotrophic cytokines including BDNF in our study.
The effect of intrauterine infection on cord blood levels of neurotrophic cytokines in humans has also not been studied well. Marx et al measured NGF, BDNF, and NT-3 in amniotic fluid and reported that patients with evidence of infection had significantly lower NGF and BDNF levels but levels of NT-3 did not change with infection. (34) To the best of our knowledge, effect of infection on cord blood levels of neurotrophic cytokines has not been reported so far. In this study, we observed significantly lower levels of NT3 in the presence of placental inflammation, but the levels of BDNF and NT-4 were similar in the presence and absence of placental inflammation.
In summary, exposure to ANS did not have any significant effect on cord blood levels of pro-inflammatory, anti-inflammatory and neurotrophic cytokines measured in this study.
However, subgroup analyses demonstrate trends suggesting that the exposure to ANS may modify and attenuate fetal cytokine responses associated with placental inflammation. The results of our study suggest that further studies are needed to determine if some of the beneficial effects of ANS in preterm infants are mediated by modulation of fetal cytokine responses particularly in pregnancies complicated by intrauterine inflammation. However, the results of this study should be viewed in the light of the following limitations. First, although this study is among the largest of this kind, the statistical power may still be limited. The observed beneficial but non-significant trends after maternal ANS administration in presence of intrauterine infection/inflammation could be statistically significant in a study with larger sample size. Second, this study only examines a single time point (at birth) after a variable interval between ANS exposure and delivery. Therefore, it is possible that the effect of ANS on fetal cytokine levels is for a short period of time and not sustained as shown in animal studies. (5) There could be other pathways or unknown confounding variables which were not included in our regression analysis model and could have affected the results of this analysis. These limitations emphasize the need for additional large, prospective studies to fully understand the impact of ANS on fetal cytokine levels during multiple time points from ANS administration to delivery. Such information may in turn guide clinical practice on the use of ANS in a most effective way and improve neonatal and long-term outcomes. Effect of antenatal steroid exposure on cord blood cytokine concentrations in infants with and without evidence of placental inflammation. Cord blood concentrations of IL-1β (A), IL-6 (B), IL-8 (C), IL-4 (D), IL-10 (E), TGFß (F), BDNF (G), NT-3 (H), and NT-4 (I) are presented as mean ± standard deviations and normalized for 1 minute Apgar score ≤3 and gestational age. 133 infants had no evidence of placental inflammation, 83 of these 133 infants had no ANS and 50 infants had ANS. 67 infants had evidence of placental inflammation and 17 of these infants had no ANS and 50 had ANS. Cytokine concentrations were compared for infants with ANS exposure and without ANS exposure in each subgroup of infants with and without evidence of placental inflammation. * = p value <0.05, (Using linear regression and adjustment for 1 minute Apgar ≤ 3 and gestational age at birth, TGF-β levels were significantly lower in infants with placental inflammation and no ANS compared to infants with placental inflammation and ANS) Mean cord blood cytokine concentrations in preterm births with and without exposure to antenatal steroids Mean cord blood cytokine concentrations in preterm births with and without placental inflammation Early Hum Dev. Author manuscript; available in PMC 2012 August 1.
